Multilayered SiO x /SiO 2 and SiO x N y /SiO 2 thin films were fabricated using different techniques and subsequently annealed at high temperatures (!1100 C) in order to form Si nanocrystals by means of the well-known superlattice approach. The thickness of the SiO x and SiO x N y layers was varied from 1.5 to 5 nm, while for the SiO 2 layers it was fixed at 4 nm. Using transmission electron microscopy, we showed that the multilayered structure generally sustains the high temperature annealing for both types of films. However, for samples with ultrathin SiO x or SiO x N y layers a breakdown of the superlattice structure and a complete intermixing of layers were observed at high temperatures. On the contrary, annealing at lower temperature (900 C) preserves the multilayered structure even of such samples. Theoretical calculations showed that the intermixing of SiO x /SiO 2 and SiO x N y /SiO 2 superlattices in the ultrathin layers thickness limit may be explained thermodynamically by the gain in the Gibbs free energy, which depends in turn on the annealing temperature. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4953095] Silicon nanocrystals (SiNCs) are attractive for various applications in nanoelectronics due to the combination of unique electronic and optical properties with Si-based technology compatibility.
1 Among different techniques of SiNCs fabrication in a solid matrix, only the superlattice approach allows to produce size-, density-, and shape-controlled SiNCs. [2] [3] [4] [5] [6] [7] The method implies the deposition of SiO x /SiO 2 or SiO x N y /SiO 2 multilayers followed by high temperature (!1000 C) annealing, which is necessary for the phase separation and SiNCs self-organization in the former silicon rich oxide or oxynitride layers. Practically, the maximum applicable thickness of the SiO x or SiO x N y layers should be no more than 6 nm. 6 For thicker layers, random nucleation within the layer starts during the thermal guided phase separation resulting in SiNCs to be identical in size to those formed in corresponding bulk films of similar stoichiometry, 7 and hence leading to a loss of size control. In the opposite limit, the lowest applicable SiO x or SiO x N y layers thickness should be related to the minimum achievable SiNCs size, which is around 1-1.5 nm according to the theoretical calculations 8 and photoluminescence measurements of small oxidized silicon nanocrystals. 9 The goal of the present work is the investigation of the stability of the SiO x / SiO 2 and SiO x N y /SiO 2 multilayered structures against thermal annealing upon reduction of the thickness of SiO x (or SiO x N y ) layers in view of fabrication of the smallest SiNCs by the superlattice approach.
Two sets of multilayered SiO x /SiO 2 and SiO x N y /SiO 2 structures were deposited on silicon or quartz substrates and subsequently conventionally annealed in tube furnace for 1 h in N 2 atmosphere. The first "RE" sample set was fabricated by the reactive evaporation of SiO powder in oxygen atmosphere. Each RE sample consisted of 40 SiO x /SiO 2 bilayers (x % 1.0…1.1), and the annealing temperature (T ann ) for SiNCs formation was T ann ¼ 1100 C (for more details see Ref. 4 ). The second "CVD" sample set was prepared by plasma enhanced chemical vapor deposition (PECVD). Each CVD sample consisted of 20 SiO x N y /SiO 2 bilayers (x % 1.0, y % 0.22), and T ann ¼ 1150 C was optimal in this case for SiNCs self-organization (for more details see Ref. 7) . Additional samples of the CVD set were annealed at 900 C in order to illuminate the influence of T ann on the stability of a superlattice structure. The nominal thicknesses of SiO x and SiO x N y layers were varied (1.5, 2, 3, and 5 nm), while the SiO 2 layers thickness was fixed at 4 nm for both sets of samples.
Raman scattering measurements were performed under the excitation of 633 nm HeNe laser line. Strongly defocused bright-field transmission electron microscopy (BFTEM) images were recorded in order to improve the contrast of the multilayered structures. The energy filtered TEM (EFTEM) measurements were performed in the low loss region of the electron energy loss spectrum with a 2 eV energy slit around the bulk Si plasmon loss peak (16.7 eV). High-resolution TEM (HRTEM) images were obtained at Scherzer defocus value.
In order to confirm the expected SiNCs formation in the multilayered films annealed at high (!1100 C) temperatures, Raman scattering spectra were taken for the samples deposited on the quartz substrates. The obtained spectra are comprised of a narrow peak around 518-520 cm À1 accompanied by a broad shoulder in the 450-500 cm À1 region (see Figs. 1(a) and 1(b)). According to their spectral positions, the narrow peaks are caused by the light scattering from the optical phonons in crystalline silicon, 10 which is the evidence of SiNCs self-organization in both the RE and CVD sample sets. The only exception is the CVD-1.5 sample, for which no such feature was detected presumably due to the twice lower total thickness of SiO x N y /SiO 2 multilayered structure as compared to the SiO x /SiO 2 superlattices. Nevertheless, the presence of SiNCs in the CVD-1.5 sample is proven by the HRTEM analysis, as shown below. In turn, the broad band with the maximum around 480 cm
À1
, also observed in Raman spectra of both sets of samples, is likely the contribution of amorphous Si phase, which presumably originates from amorphous shell around SiNCs, as suggested earlier.
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Figure 2(a) shows the BFTEM image of RE-3 sample. A distinct multilayered structure can be seen together with well-defined quasi-ordered Si nanocrystals, which are selforganized due to the phase separation of the former SiO x layers during annealing. 12 Similar BFTEM images were also obtained for the RE-5 and RE-2 samples (not shown here). In contrast, the BFTEM image of the RE-1.5 sample reveals a strong disturbance of the layered pattern as well as a random distribution of the SiNCs, as demonstrated in Figure 2 (b). Hence, it is obvious that the SiO x /SiO 2 superlattice approach fails and intermixing of multilayered structure under the chosen annealing conditions (temperature, time) happens as soon as the ultrathin (1.5 nm) SiO x layers are used. However, the formation of SiNCs after 1150 C annealing occurs even in this case, as shown above by Raman spectroscopy measurements.
The same trend is observed for the CVD set of samples annealed at 1150 C: the initial multilayered structure sustains the annealing in case of relatively thick SiO x N y layers but it is destroyed when these layers thickness is decreased to the ultrathin limit of 1.5 nm. Indeed, a well-defined multilayered structure can be seen in Figure 2 (c), which shows the BFTEM image of the CVD-2 sample after annealing at 1150 C. The corresponding EFTEM image (see inset to Fig. 2(c) ) demonstrates an ordered array of Si nanocrystals which are formed due to the phase separation in SiO x N y layers. 7 The same behavior is observed in TEM images for the CVD-3 and the CVD-5 samples (not shown here). Nevertheless, similar to the RE-1.5 sample, the breakdown of multilayered structure and disordering of SiNCs alignment is revealed for the CVD-1.5 sample annealed at T ann ¼ 1150 C, which can be clearly seen in Fig. 2(d) . It is noteworthy that the existence of Si crystal lattice pattern and hence the presence of SiNCs in this sample was confirmed by fast Fourier transform spectrum analysis of the corresponding HRTEM image as shown in Fig. 2(e) .
On the other hand, the CVD-1.5 sample annealed at lower temperature (900 C) demonstrates well-maintained multilayered structure, as shown in Figure 2(f) . Note that the similar superlattice stability is repeatable for all other samples of CVD set at T ann ¼ 900 C. Hence, not only the layers thickness is critical for the intermixture process but also the annealing temperature plays a crucial role. This point is discussed below in the context of theoretical explanation of the observed effect.
Thus, the present TEM study revealed that the multilayered SiO x /SiO 2 (or SiO x N y /SiO 2 ) superlattice approach used for SiNCs fabrication possesses a lowest SiO x (or SiO x N y ) layers thickness limit for stability, which is around 1.5 nm for the given annealing temperature (1100 C or 1150 C) and the samples growth conditions. Below this limit, the destruction of the multilayered film structure occurs during the high temperature annealing accompanied by the loss of SiNCs size control in terms of superlattice approach.
The intermixing effects in ultrathin layers are elucidated considering the transformation of the thermodynamic characteristics of SiO x (SiO x N y )/SiO 2 superlattices during the high temperature annealing. We consider here only the SiO x /SiO 2 structures with known valuable characteristics. For SiO x N y layers, some quantities such as penalty energies of composing tetrahedral units (see below) are unknown, although our recent study indicates that they should not differ much from analogous values for SiO x . 13 Therefore, we believe that the analysis presented below is equally applicable for both types of studied superlattices.
High temperature annealing of SiO x films is known to induce phase separation and formation of Si nanocrystals embedded in Si oxide matrix. This process is driven by the gain in the Gibbs free energy, which has a higher value for the homogeneous SiO x phase than that for the separated system of Si and SiO z with z > x. This effect is quantitatively described by the thermodynamic theory of equilibrium states in the Si/Si-oxide systems proposed in our earlier publications. 14, 15 As demonstrated in Ref. 16 , the separation of the initial SiO x film is achieved by local migrations of oxygen atoms from the oxygen deficient to the oxygen rich neighborhoods, i.e., from the low-to highly oxidized Si-O n Si 4-n tetrahedral units with a central Si atom, which compose the structure of the SiO x layers.
The situation is more complicated for the layered structures with different stoichiometries of the neighboring Si oxide layers, such as SiO x /SiO 2 superlattices studied here. In this case, partial or complete layer intermixing prior to the phase separation may occur, as was discussed above, if for some reason the separation of initial SiO x is suppressed. The detailed description of the thermodynamic model of intermixing in the SiO x /SiO 2 superlattices will be presented in our forthcoming publication. In this paper, we demonstrate the results that may explain the experimentally observed destruction of SiO x /SiO 2 superlattices with the ultrathin SiO x layers.
When the phase separation of ultrathin SiO x in the SiO x / SiO 2 superlattices is suppressed, the Gibbs free energy is gained by only the annealing induced SiO x and SiO 2 layer intermixing. The maximum Gibbs free energy gain is achieved in this case when the stoichiometric SiO 2 layers are intermixed completely, as will be demonstrated in the detailed thermodynamic description, while the SiO x layers may be only partly involved. We consider therefore the process depicted in Fig. 3 , in which a part of the superlattice represented by a SiO 2 layer with the thickness d SiO2 enclosed between two SiO x layers (left side of Fig. 3 ) undergo intermixing forming the structure in the right side of Fig. 3 . The stoichiometry index x mix of the intermixed layer depends on the thickness of involved SiO x parts d 0 SiOx and makes
assuming equal atomic concentrations for all the Si oxide compositions, C 0 % 7 Â 10 22 cm
À3
. 17 In view of the translational symmetry of SiO x /SiO 2 superlattice, the redistribution of oxygen during intermixing occurs effectively from the SiO 2 layer to no more than half of each of the adjacent SiO x layers, as shown in Fig. 3 , so that d Thereby, we analyze the transformations of the Gibbs free energy upon intermixing of a system consisting of SiO 2 layer and adjacent to it halves of both neighboring SiO x layers (left side of Fig. 3 ), toward its minimum values corresponding to the equilibrium states, as a function of d 0 SiOx . The expression for the Gibbs free energy calculated per one atom of homogeneous Si oxide phase, g 0 (x, T ann ), looks as follows: , and k is the Boltzmann's constant, respectively. The first term in the braces corresponds to the contribution of the penalty energies of all the tetrahedral units in the Si oxide structure, and the second term is the configuration entropy term related to various arrangements of oxygen atoms between the pairs of Si atoms, respectively. The Gibbs free energy per one atom of the intermixed SiO x /SiO x(mix) /SiO x system (right side of Fig. 3 ) is calculated as a weighted sum of the energies of contributing layers minimum for fixed temperature has almost no change with the increase in the initial SiO x layer thickness. At this, for the thinnest used SiO x layers (1.5 nm) at 1100 C, the Gibbs free energy minimum almost corresponds to the d SiOx /2, which is consistent with complete SiO x intermixing observed experimentally. On the other hand, for thicker layers a considerable part of initial SiO x remains unmixed. Such unmixed oxide has a higher oxygen deficiency as compared to the mixed layer, making it more efficient for the separation of Si phase. In this case, the superlattice structure will be preserved. In addition, reduction of the annealing temperature shifts the Gibbs free energy minimum to lower values of d 0 SiOx , as demonstrated in Fig. 4(b) . As may be seen from this figure, at 900 C annealing, even for the thinnest SiO x layers (d SiOx ¼ 1.5 nm) slightly less than their halves remain unmixed, which explains the conservation of the superlattice structure for these annealing conditions.
In conclusion, multilayered SiO x /SiO 2 and SiO x N y /SiO 2 structures with 1.5-5 nm thick SiO x and SiO x N y layers were produced by two different methods. The formation of silicon nanocrystals during the following thermal annealing at high temperatures ( !1100 C) was proven by means of Raman spectroscopy and HRTEM. In the case of 1.5 nm thick SiO x (or SiO x N y ) layers, the cross-sectional TEM study revealed superlattice destruction and complete intermixing of layers. At the same time, 900 C or high temperature annealing of samples with thicker SiO x (or SiO x N y ) layers resulted in multilayered films structure retention. The proposed explanation of this effect is based on the calculation of the Gibbs free energy of intermixed SiO x /SiO 2 structure. Calculations showed that the complete intermixing is expected for the superlattice with $1.1 nm thick SiO x layers, which is close to the experimentally observed value. In turn, at lower annealing temperature (900 C), the minimum of the Gibbs free energy shifts toward the lower SiO x layer thickness, which explains the maintenance of the superlattice in this case. Finally, the observed breakdown of the multilayered structure for the SiO x layers thinner than 1.5 nm leads to a loss of SiNCs size control in terms of superlattice approach. A forthcoming publication is planned to present a comprehensive thermodynamic description of the intermixing process as well as to study the dependence of lowest layers thickness limit for the superlattice stability on samples preparation conditions in more detail.
